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57 ABSTRACT 
A reflecting imaging optical apparatus comprises a re 
flecting spherical optical system including a first spheri 
cal reflecting optical system and a second spherical 
reflecting optical system, and a spherical reflecting 
mirror disposed near the position of an intermediate 
image formed by the reflecting spherical optical system. 
The first and second spherical reflecting optical systems 
form concentric optical systems, respectively. 

10 Claims, 7 Drawing Sheets 
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1. 

REFLECTING OPTICAL MAGING APPARATUS 
USING SPHERICAL REFLECTORS AND 
PRODUCING AN INTERMEDIATE IMAGE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a reflecting mirror optical 

system, and in particular to a reflecting reduction 
projecting optical apparatus for reduction-projecting 
the pattern of a mask (negative) onto a wafer having 
photoresist applied thereto in the manufacture of a semi 
conductive integrated circuit. 

2. Related Background Art 
Exposure apparatuses for the manufacture of semi 

conductors such as steppers have heretofore used near 
ultraviolet light. In recent years, excimer laser and far 
ultraviolet light of shorter wavelength have also been 
used, and with the tendency of integrated circuit pat 
terns toward minuteness, exposure apparatuses of 
higher resolving power have been desired. The resolv 
ing power is determined by exposure wavelength and 
the numerical aperture of the optical system, and the 
shorter is the exposure wavelength and the greater is 
the numerical aperture, exposure transfer of the more 
minute pattern becomes possible, but it is not advisable 
to make the numerical aperture great because it in 
volves difficulties in optical design and results in a shal 
low depth of focus and thus, attempts to shorten the 
exposure wavelength have been made. 

For the manufacture of a semiconductor element 
comprising a very minute pattern and having a memory 
capacity of the order of 256 Mbit or more, such as su 
per-LSI, it becomes necessary to exposure-transfer a 
line width (pattern) of 0.25 um or less and for this pur 
pose, it becomes indispensable to use soft X-rays or 
X-rays. 

Exposure apparatuses using X-rays have already been 
developed, but those so far developed are of the so 
called proximity type in which the shadow picture of a 
mask is transferred to a wafer, and requires exacting 
pattern accuracy of the mask and involves difficulties in 
the manufacture of the mask. Therefore, a reflecting 
reduction optical system which reduces a mask image 
and projects and transfers it onto the surface of a wafer 
is regarded as promising. 
As a reflecting reduction optical system, there is one 

by Shafer et al. disclosed, for example, in U.S. Pat. No. 
4,747,678. This is basically comprised of three concave 
reflecting mirrors and a convex reflecting mirror, but 
due to aberrations (coma and spherical aberration) 
caused by the convex mirror for effecting reduction, it 
is insufficient to obtain such a degree of resolving 
power that is used for the manufacture of a semiconduc 
tor element. A construction in which a refracting men 
ber is added to correct these aberrations has also been 
proposed at the same time and by the introduction of 
the refracting member, a good formed image is obtained 
in an arcuate field of view for the first time. However, 
the refracting member does not stand practical use in a 
soft X-ray or X-ray area. 

Reflecting reduction optical systems by Suzuki et al. 
have also been proposed as disclosed in Japanese Laid 
Open Patent Application No. 63-31 1315, etc., but these 
introduces therein an aspherical reflecting mirror for 
the correction of aberrations and the manufacture of 
such optical systems becomes remarkably difficult. 
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Accordingly, the reflecting surface which can be 

practically used is only a spherical surface. The 
Schwarzschild type has long been known as a reflecting 
optical system comprised of only a spherical surface. As 
shown in FIG. 8 of the accompanying drawings, this is 
an optical system comprised of two concentric spheri 
cal reflecting mirrors, i.e., a concave mirror 1 and a 
convex mirror 2, and is a very excellent optical system. 
However, its only disadvantage is that it is a concentric 
optical system and therefore its object plane and image 
plane are spherically curved about the centers of sphere 
of the reflecting mirrors. If the object plane is made into 
a flat plane, the image plane will be further curved. 
Therefore, this optical system could not be used in a 
semiconductor manufacturing apparatus which re 
quired a wide exposure area. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a 
reflecting imaging optical apparatus which is of a simple 
construction comprising only spherical surfaces and yet 
can form a flat imaging plane over a wide area and is 
capable of reduction projection. 

It is another object of the present invention to pro 
vide a reflecting reduction projection optical apparatus 
which is capable of exposure in a soft X-ray or X-ray 
area and is capable of accomplishing reduction projec 
tion so that any difficulty in the manufacture of a mask 
may not be encountered and which can obtain an excel 
lent imaging performance even when it comprises only 
spherical reflecting mirrors easy to manufacture. 
According to the present invention, curvature of 

image field which is created and cannot be fully cor 
rected by at least one set of concentric optical systems 
can be corrected well by a spherical reflecting mirror 
disposed near the intermediate imaging plane. The 
method of designing this spherical mirror for correcting 
curvature of image field is as follows. 

Let it be assumed that two concentric optical systems 
S1 and S2 as in a first embodiment shown, for example, 
in FIG. 1 of the accompanying drawings are combined 
together. Let it also be assumed that the reduction pro 
jecting magnification by the entire system is 1/M and 
that the first optical system S1 of magnification 1/m . 
and the second optical system S2 of magnification 1/m2 
are combined together to obtain a reduction projecting 
optical systems of 1/M. That is, let it be assumed that 
M = m1 Xm2. 
Suppose the first optical system S1 of magnification 

1/m, and let it be assumed that the object plane O1 
thereof is a flat plane. Next, let it be assumed that the 
image plane I2 of the second optical system S2 of magni 
fication 1/m2 is a flat plane and the size of the image af 
thereof is 1/M of the object ao of the first optical system. 
The arrangement of the object and image of the second 
optical system S2 is made opposite to that of the first 
optical system, and the optic axis of the respective opti 
cal systems are made coincident with each other, and 
the image plane I of the first optical system S1 and the 
object plane O2 of the second optical system S2 are 
made coincident with each other on the optic axis. 
Thereupon, as shown in FIG. 2 of the accompanying 
drawings, the image plane I of the first optical system 
and the object plane O2 of the second optical system are 
roughly spherically curved and their sizes are equal to 
each other, but their degrees of curvature differ from 
each other. Supposing a curved plane M formed by 
linking the mid-point between the corresponding points 
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of the image plane I of the first optical system and the 
object plane O2 of the second optical system, this plane 
also is substantially spherical, and if this plane M is a 
mirror surface, the image plane I of the first optical 
system and the object plane O2 of the second optical 
system are conjugate with each other with the reflect 
ing surface M interposed therebetween. 
As a result, a planar object ao on the object plane Ol 

of the first optical system is imaged as a planar image of 
1/M on the image plane I2 of the second optical system, 
and a flat image of the planar object is formed at a 
desired magnification without curvature of image field. 

It is to be understood that the optic axis A in the 
concentric optical systems is defined as a straight line 
passing through the center of concentricity and perpen 
dicular to the object plane and the image plane when 
the object plane and the image plane are given. 
Now, the design of the spherical mirror for correct 

ing curvature of image field will be described in another 
way. An optical system free of curvature of image field 
is an optical system in which Petzval sum is zero. When 
in the concentric optical systems, the radii of curvature 
of the respective reflecting surfaces are r1, r2, . . . 
Petzval sum P is 

, In, 

P= 1/r-1/r2--1/r3+... + 1/rn (1) 

and therefore, it is the condition for which curvature of 
image field is null that the value of this equation (1) is 0. 

Accordingly, if each of the concentric optical sys 
tems is a Schwarzschild optical system comprising two 
concentric reflecting surfaces, when r1 and r2 are the 
radii of curvature of the first Schwarzschild optical 
system and r3 and rare the radii of curvature of the 
second Schwarzschild optical system, the radius of 
curvature r of the spherical mirror M for correcting 
curvature of image field which is placed near the inter 
mediate image position is given by 

- anam-nata-ra-na- (2) 
1/r + 1/r2 + 1/r3 + 1/r4 

This equation (2) more strictly is as follows when the 
refractive index of the incident light side of the kth 
surface is Nk and the refractive index of the emergent 
light side thereof is Nk" and the refractive index of the 
incident light side of the correcting reflecting surface is 
Nm and the refractive index of the emergent light side 
thereof is Nim'. 

---(An Am) 

Here, the refractive indices Nk, Nk, etc. are 1 or -1, 
and as regards the sign thereof, like the spacing between 
the reflecting surfaces which will be described later, the 
case where the direction of light rays, is leftward is 
positive, and the case where the direction of light rays 
is rightward is negative. 
Of course, this spherical surface coincides with the 

reflecting mirror for correcting the image plane previ 
ously described in connection with FIG. 2. 

Likewise, when the radii of curvature of the reflect 
ing surfaces of the entire system including the concen 
tric optical systems are r1, r2,..., rn and the ith reflect 
ing surface among them is the reflecting surface for 
correcting the image plane disposed near the intermedi 

(3) 

O 

15 

20 

25 

4. 
ate image position, the radius of curvaturer M thereof is 
generally given by 

M = -(Nm - Nm) (4) 
s Nk" - NR -- Nk - Nk 

k=1 k k=i-l rR 

In practice, it is necessary that the radius of curvature 
of the reflecting surface for correcting the image plane 
determined by the equation (4) above be suitably modi 
fied in conformity with the balance with the remaining 
aberrations in the Schwarzschild optical systems and 
the optical system combined therewith. In that case, it is 
effective that the final value r of the radius of curvature 
of the reflecting surface for correcting the image plane 
is set to the range of 

A. (5) - r is mere r r - rm as "M 

relative to the value rif determined by the equations (3) 
and (4). 

Here, A is wavelength, Y is the image height of the 
final image, and NA is the numerical aperture corre 
sponding to the angle of opening of the imaging light 
flux on the final image plane. 
The condition (5) above is a condition determined on 

the basis of the relation between the amount of devia 
otion A= -Y2(Nk"P) of the Petzval image plane from the 
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Gauss image plane which is formed by the tertiary aber 
ration theory and the depth of focus AZ= h/2(NA)2 
in the optical system of diffraction limit, and if the range 
of this condition is exceeded, high-order aberrations 
created in the reflecting surface for correcting the 
image plane will become too remarkable and therefore, 
it will become difficult to obtain good imaging. 

Further, a reflecting reduction optical apparatus ac 
cording to the present invention, as shown in the sche 
matic construction views of FIGS. 9 to 12 of the accom 
panying drawings, has a first optical system S1 for form 
ing a virtual image of magnification of approximately 1 
of an object O on the object plane, a second optical 
system S2 for forming a reduced real image from the 
virtual image formed by the first optical system, and a 
third optical system S3 for forming an image of approxi 
mately one-to-one magnification from the real image 
formed by the second optical system. 
The first optical system S has a concave reflecting 

surface and a convex reflecting surface as a first reflect 
ing surface R1 and a second reflecting surface R2, re 
spectively, disposed substantially concentrically, and a 
predetermined optic axis A1, and the object plane O and 
image plane I of the first optical system substantially lie 
in a plane substantially containing the center of concen 
tricity C1 and perpendicular to the optic axis of the first 
optical system, or a plane optically equivalent to said 
plane. The second optical system S2 has a convex re 
flecting surface and a concave reflecting surface as a 
third reflecting surface R3 and a fourth reflecting sur 
face R4, respectively, disposed substantially concentri 
cally with C2 as the center of concentricity, a concave 
reflecting surface as a fifth reflecting surface Rs substan 
tially disposed at the position of a real image I2 formed 
by the third reflecting surface and the fourth reflecting 
surface, and a predetermined optic axis A2. The third 
optical system S3 has a concave reflecting surface as a 
sixth reflecting surface R6 and a predetermined optic 
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axis A3, and the object plane 03 and image plane I of the 
third optical system substantially lie in a plane substan 
tially containing the center of curvature C3 of the sixth 
reflecting surface R6 and perpendicular to the optic axis 
of the third optical system or a plane optically equiva 
lent to said plane. 

If the reduction magnification of the above-described 
reflecting reduction optical system according to the 
present invention is g(> 0) and the magnifications the 
respective optical systems S1, S2 and S3 are 

As, AS2 and gS3, 

The present optical system is basically designed such 
that gsh = 1.0, £3s2 = -(3, and (3s3 = -1.0. That is, the 
substantial reduction of the image is accomplished by 
the second optical system S2 Also, the real image 2 
formed by the second optical system S2 is re-imaged by 
the third optical system S3, which substantially func 
tions as a relay optical system of one-to-one magnifica 
tion. 

Generally in concentric optical systems, the optic axis 
thereof cannot be primarily defined, but in the case of 
one-to-one magnification like that of the first optical 
system or the third optical system, the object plane and 
the image plane are set in a plane containing the center 
of concentricity and therefore, the optic axis can be 
defined as a straight line passing through the center of 
concentricity and perpendicular to said plane. Design is 
made such that the optic axes A1, A2 and A3 of the 
optical systems S1, S2 and S3, respectively, are optically 
coincident with each other and all of the reflecting 
surfaces have their centers of curvature on this optic 
axis. 
The specific construction of each optical system in 

the present invention will hereinafter be described. 
The first optical system S1. as shown in FIG. 10, has 

a concave mirror R1 and a convex mirror R2 as a first 
reflecting surface and a second reflecting surface, re 
spectively, disposed substantially concentrically. The 
object plane O and image I (a virtual image of one-to 
one magnification) of the first optical system S1 lie in a 
plane containing the center of concentricity and perpen 
dicular to the optic axis A. By such an arrangement, 
the spherical aberration caused by the first optical sys 
ten S and the coma in the 3rd-order aberration area are 
eliminated. Further, there is no curvature of image field 
caused by the sagittal light flux in the 3rd-order aberra 
tion area. The curvature of image field caused by the 
meridional light flux cannot be corrected in the first 
optical system, but by adding the third optical system 
S3 and making Petzval sum zero as will be described 
later, it becomes possible to eliminate the curvature of 
image field caused by the meridional light flux. 

It is effective to make an aperture stop coincident 
with the convex mirror R2 as the second reflecting 
surface, dispose the second reflecting mirror R2 at a 
location intermediate of the object plane O and the 
concave mirror R1 as the first relfecting surface and 
thereby provide an optical system telecentric relative to 
the object plane, as in an embodiment which will be 
described later. However, this is not restrictive. 
The second optical system S2, as shown in FIG. 11, 

has a convex mirror R3 and a concave mirror R4 as a 
third reflecting surface and a fourth reflecting surface, 
respectively, disposed substantially concentrically, and 
a concave mirror R5 as a fifth reflecting surface dis 
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6 
posed near the image plane I2 by the third reflecting 
surface R3 and the fourth reflecting surface R4. 
The convex reflecting mirror R3 and the concave 

reflecting mirror R4 together constitute a conventional 
Schwarzschild reduction optical system having the 
virtual image plane I by the first optical system S1 as 
the object plane. This Schwarzschild reduction optical 
system is an excellent optical system and can eliminate 
the spherical aberration, coma and astigmatism in the 
3rd-order aberration area. However, its only disadvan 
tage is that because of it being concentric optical sys 
tems, the object plane and image plane are spherically 
curved about the point of concentricity of the reflecting 
mirrors. The curvature of the image plane when the 
object is planar corresponds to the Petzval image plane. 
For the solution to this problem, in the optical system of 
the present invention, a concave reflecting mirror R5 is 
disposed near the image plane I2 of the Schwarzschild 
reduction optical system comprised of the convex re 
flecting mirror R3 and the concave reflecting mirror R4 
to thereby correct Petzval sum. 
That is, with regard to the Petzval sum PZ2 of the 

second optical system S2, design is made so as to sub 
stantially satisfy the following condition: 

2 
P4 

2- - (6) + i = 0, 
2 

PZ2 = 

where r3 is the radius of curvature of the third reflecting 
surface R3, ra is the radius of curvature of the fourth 
reflecting surface R4, and rs is the radius of curvature of 
the fifth reflecting surface Rs. 

Accordingly, the 3rd-order aberration caused by the 
second optical system S2 is only distortion aberration. 
The third optical system S3, as shown in FIG. 12, has 

a concave reflecting mirror R6 and is of a construction 
in which the object plane and image plane are disposed 
in a plane containing the center of curvature C3 of the 
concave reflecting mirror R6 and perpendicular to the 
optic axis A3, and the image I formed by that optical 
system is the final image of the entire system. The object 
plane of the third optical system S3 is coincident with 
the image plane by the second optical system S2, and 
this position is coincident with the center of curvature 
C3 of the third optical system. By such arrangement, as 
in the first optical system S1, spherical aberration, coma 
and the curvature of image field by the sagittal light flux 
are eliminated. 
The curvature of image field by the meridional light 

flux which cannot be corrected by the first optical sys 
ten S1 is corrected by the Petzval sum in the concave 
reflecting mirror R6 as the sixth reflecting surface. 
That is, if the Petzval sum of the first optical system 

S1 is PZ1 and the Petzval sum of the third optical system 
S3 is PZ3, 

t2 - 2 > 0 

where r1 is the radius of curvature of the first reflecting 
surface R1, r2 is the radius of curvature of the second 
reflecting surface R2 and reis the radius of curvature of 
the sixth reflecting surface Ré, and the condition that 
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is substantially satisfied. Accordingly, the sum of the 
3rd-order aberrations by the first optical system S1 and 
the third optical system S3 is completely corrected ex 
cept distortion aberration. 

Consequently, the Petzval sum of the entire system is 
completely corrected. 
From the foregoing discussion, it is seen that by com 

bining these three optical systems S1, S2 and S3, the 
aberrations of the entire system can be corrected except 
distortion aberration and good imaging can be obtained. 

Description will now be made of means for correct 
ing distortion aberration. 
A first method, as described above, is to define the 

magnification of the first optical system S1 as G1 = 1.0, 
define the magnification of the second optical system S2 
as 62=-£8(3, being the magnification of the entire 
optical system), define the magnification of the third 
optical system S3 as A3 = -1.0 and moreover, suitably 
select the value of the radius of curvature r1 of the first 
reflecting surface R1 to thereby make the correction of 
distortion aberration possible. 
A second method is to shift the magnification 31 of 

the first optical system S1 from the value of 1.0 by some 
amount, that is, somewhat destroy the concentric rela 
tion between the first and second reflecting mirrors R1 
and R2, thereby correcting distortion aberration. In this 
case, it becomes necessary that the magnification g2 of 
the second optical system S2 be adjusted so as to keep 
the magnification (3 of the entire optical system. The 
second optical system S2 includes a so-called Schwarz 
schild optical system comprising R3 and R4 and there 
fore, it is possible to maintain the excellent aberration 
correcting ability as described above and yet obtain any 
magnification. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows the construction of a first embodiment 

of the present invention. 
FIG. 2 illustrates the function of a reflecting mirror 

for correcting curvature of image field. 
FIG. 3 shows the construction of a second embodi 
ent. 
FIG. 4 shows the construction of a third embodi 
et. 
FIG. 5 shows the construction of a fourth embodi 
ent. 

FIG. 6 shows a specific example of the numerical 
values of the first embodiment shown in FIG. 1. 

FIG. 7 shows the aberrations in the first embodiment. 
FIG. 8 exemplarily shows a conventional Schwarz 

schild optical system. 
FIG. 9 schematically shows the construction of a 

reflecting reduction optical apparatus according to the 
present invention. 
FIG. 10 shows the construction of a first optical sys 

tem in the present invention. 
FIG. 11 illustrates a second optical system in the 

present invention. 
FIG. 12 illustrates a third optical system in the pres 

ent invention. 
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FIG. 13 shows the astigmatism in an embodiment of 65 
the present invention. 

FIG. 14 shows distortion aberration. 
FIG. 15 shows lateral aberration. 

8 
DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 

The invention will hereinafter be described in detail 
with respect to some embodiments thereof. 
FIG. 1 is a cross-sectional optical path view showing 

the construction of a first embodiment of the present 
invention, and shows the manner in which a principal 
light ray emitted from the on-axis point of an object ao 
arrives at a final image afAs shown, the first embodi 
ment is comprised of a first Schwarzschild type concen 
tric optical system S. comprising a first reflecting 
mirror R which is a convex mirror having c1 as its 
center of sphericity and a second reflecting mirror R2 
which is a concave mirror, and a second Schwarzschild 
type concentric optical system S2 comprising a third 
reflecting mirror R3 as an image plane correcting mirror 
M, a fourth reflecting mirror R4 which is a concave 
mirror having c2 as its center of sphericity and a fifth 
reflecting mirror Rs which is a convex mirror. The first 
Schwarzschild type concentric optical system is a re 
duction system, and the second Schwarzschild type 
concentric optical system is an enlargement system. 
The light flux from the object ao is reflected by the 

convex mirror R as the first reflecting surface and the 
concave mirror R2 as the second reflecting mirror and 
forms an intermediate image a. The intermediate image 
a is curved, and is further curved by the concave mir 
ror R3 as the third reflecting mirror disposed near the 
intermediate image a and forms an image a2. The light 
flux subjected to the reflection by the concave mirror 
R3 as the third reflecting mirror disposed near the inter 
mediate image a1 is reflected by the concave mirror R4 
as the fourth reflecting surface and the convex mirror 
R5 as the fifth reflecting surface and forms the final 
image af. 
The intermediate image a1 is moderately curved as 

the reflected image a2 by the third reflecting mirror R3 
as the image plane correcting mirror M, as described 
with reference to FIG. 2, and therefore curvature of 
image field created by the first and second Schwarz 
schild optical systems is corrected and the final image 
afis formed into a flat plane. In such a construction, to 
better the telecentricity on the image side so that the 
principal light ray forming the final image a? may be 
substantially parallel to the optic axis, it is effective to 
slightly. incline the third reflecting mirror R3 as the 
image plane correcting mirror. 

In the above-described first embodiment, the first 
Schwarzschild optical system and the second Schwarz 
schild type concentric optical system are combined as a 
reduction system and an enlargement system, respec 
tively, to reduction-image the final image, but the pres 
ent invention is not restricted to such a combination. 
That is, the enlargement and reduction of a Schwarz 
Schild type concentric optical system should be suitably 
selected and combined, and it is also possible that a 
so-called Offner type concentric optical system of one 
to-one magnification comprising a concave reflecting 
mirror and a convex reflecting mirror is used as the 
concentric optical system. 
The construction of a second embodiment shown in 

FIG. 3 is such that two Schwarzschild type concentric 
optical systems combined as reduction systems. That is, 
an intermediate image a is formed along the optical 
path from an object ao by a first Schwarzschild optical 
system S1 comprising a convex reflecting mirror R1 as a 
first reflecting mirror and a concave mirror R2 as a 
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second reflecting surface having the center of concen 
tricity C1, and a final image af is formed by a second 
Schwarzschild optical system S2 comprising a convex 
reflecting mirror R1 as a fourth reflecting mirror and a 
concave mirror R5 as a fifth reflecting surface having 
the center of concentricity C2, through the reflection by 
an image plane correcting mirror M. 
The construction of a third embodiment shown in 

FIG. 4 is such that a first Schwarzschild optical system 
S1 and a second Schwarzschild optical system S2 are 
combined as an enlargement system and a reduction 
system, respectively. That is, an intermediate image a1 is 
formed along the optical path from an object ao by the 
first Schwarzschild optical system S1 comprising a con 
cave reflecting mirror R1 as a first reflecting mirror and 
a convex mirror R2 as a second reflecting surface hav 
ing the center of concentricity C, and a final image aris 
formed by the second Schwarzschild optical system S2 
comprising a convex reflecting mirror R1 as a fourth 
reflecting mirror and a concave mirror R5 as a fifth 
reflecting surface having the center of concentricity C2, 
through the reflection by an image plane correcting 
mirror M. 
Again in these embodiments, the radius of curvature 

of the reflecting mirror M for correcting the image 
plane is given by the equation (2) above, and a flat re 
duced image afof the planar object ao is formed clearly. 
A fourth embodiment shown in FIG. 5 uses a 

Schwarzschild optical system S1 as a reduction system 
on the object side and a concentric system S2 of one-to 
one magnification on the image side. The one-to-one 
magnification system is not of the Schwarzschild type, 
but is a so-called Offner type one of a construction 
which comprises a combination of a concave mirror and 
a convex mirror and reflection is effected once by the 
concave mirror before and after the reflection by the 
convex mirror. Specifically, an intermediate image al is 
formed along the optical path from an object a by the 
Schwarzschild optical system Si as a first concentric 
optical system comprising a convex reflecting mirror 
R1 as a first reflecting mirror and a concave mirror R2 
as a second reflecting surface having the center of con 
centricity C1, and a final image af is formed by the 
Offner type second concentric optical system S2 com 
prising a concave reflecting mirror R4 as a fourth re 
flecting surface having the center of concentricity C2 
and a convex reflecting mirror R5 as a fifth reflecting 
surface, through the reflection by an image plane cor 
recting mirror M. The second concentric optical system 
S2 is an Offner optical system of one-to-one magnifica 
tion and thus, the final image aflies off the optic axis, but 
as in the aforedescribed embodiments, the intermediate 
image a is curved, whereas the final image afis formed 
as a flat image lying in this plane. In this fourth embodi 
ment, it is effective to incline the object plane a0 with 
respect to the optic axis in order that the principal light 
ray arriving at the final image a? may be maintained 
perpendicular to the image plane. 
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As described above, a projection optical apparatus of 60 
a desired reduction magnification is constructed by 
combining a plurality of concentric optical systems, and 
the construction of the first embodiment shown in FIG. 
1 can obtain a flat image over the largest area and is 
advantageous in making the exposure area large. 
A specific example of the construction comprising a 

combination of the two Schwarzschild type concentric 
optical systems shown in FIG. 1 is shown in FIG. 6. 
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In FIG. 6, MS designates an object to be projected 

such as a mask (reticle) corresponding to said object ao, 
and WF denotes an exposure surface such as a wafer 
surface onto which said final image af is transferred. 
M(R3) designates a surface for correcting curvature of 
image field, and the other members identical to those in 
FIG. 1 are given identical reference characters. In the 
construction shown in FIG. 6, a stop S is disposed in the 
optical path between the third reflecting surface for 
correcting the image plane and the fourth reflecting 
surface. A plane mirror Mois provided to avoid the final 
image mechanically contacting with the first reflecting 
mirror R1. 
As shown in FIG. 6, it is to be understood that the 

direction in which the light rays travel from left to right 
is positive, the radius of curvature r of the reflecting 
surface having its convex surface facing the left is posi 
tive, the radius of curvaturer of the reflecting surface 
having its concave surface facing the left is negative, 
and the surface spacing d is positive in a medium 
wherein the direction of travel of the light rays is posi 
tive, and negative in a medium wherein the direction of 
travel of the light rays is negative, and the values of 
these elements are shown in the table below. In the 
table, do, as shown in FIG. 6, is the distance from the 
object plane to the vertex of the first reflecting surface, 
and d6 is the distance from the vertex of the fifth reflect 
ing surface to the final image plane. 

TABLE 1 
Magnification = NA = 0.02 

Image plane size d = 20 mm = Image height Y = 20 mm 
r = 595.27679 
r2 = 2163.40741 
rs = -300.90422 (M: reflecting surface for 

correcting image plane) 
r = 4347.90820 
rs = 426.12529 
do = 2059.02029 
d = - 1575.26720 
d2 = 2634.39929 
d3 = -222.74000 
d4 = -4459.64835 
ds = 3945.3850i 
d = -238.79334 

In the above specific example of the numerical val 
ues, the object plane is a flat plane and the image plane 
also is a flat plane, and the radius of curvature R1 of the 
image plane by the first concentric optical system S1 is 
- 410.625, and the radius of curvature Ro2 of the object 
plane with respect to the second concentric optical 
system S2 is -236.213. Accordingly, it is seen that the 
value of the radius of curvature r3 of the third reflecting 
surface as the reflecting surface for correcting curva 
ture of image field is a value substantially mean of said 
radii of curvature. 

Also, as regards the condition of the formula (5) relat 
ing to Petzval sum, the value of the radius of curvature 
rM of the relfecting surface for correcting the image 
plane which is determined by the equation (4) is 

rM-299.90502. 

In the present embodiment, if the wavelength A is 
A = 100A, the final image height Y is Y=20 mm and the 
numerical aperture NA of the final imaging light flux is 
NA=0.02 and therefore, the value of the right side of 
the formula (5) is as follows: 
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TABLE 2-continued 
22 r2 = 5.6 mm Radius of curvature Surface spacing Refractive index 

image plane) 
S 3260,000 3260,000 OO In contrast, as described above, the radius of curva- 5 ins image 

ture r3 of the reflecting surface for correcting the image plane) 
plane (the third reflecting surface) is -300.90422 and 
the value of the left side of the formula (5) is 

r-rM=0.9992 10 

and thus, it is seen that the condition (5) is satisfied. 
The astigmatism, distortion aberration and lateral 

aberration regarding the final image in the construction 
of the above-mentioned numerical values are shown in 15 
FIG. T. 
As can be seen from FIG. 7, the image plane is cor 

rected substantially well over the image height 20 mm, 
and both distortion aberration and lateral aberration are 
corrected very well, and it is apparent that the present 20 
embodiment has an excellent imaging performance at a 
reduction magnification of . 
As described above, according to the present inven 

tion, there is achieved a reflecting imaging optical appa 
ratus which is of a simple construction comprising only 25 
spherical surfaces and yet can provide a flat image of 
high resolution over a wide area and is capable of re 
duction projection, and this apparatus is very useful as 
an X-ray exposure apparatus which cannot use a re 
fracting system. It is also possible to improve the tele- 30 
centricity of the image side by inclining the spherical 
reflecting mirror for correction or the object plane, and 
this apparatus can be made more suitable as an exposure 
apparatus. 
A specific example of the numerical values in another 

embodiment of the present invention is shown in Table 
2 below. In this table, the radii of curvature, the surface 
spacings and the refractive indices of respective sur 
faces are represented in the order from the object plane 
0 side toward the final image plane I. As regards light 
rays, in the construction shown in FIG. 9, it is to be 
understood that the direction in which the light rays 
travel from left toward right is positive, the radius of 
curvature of a curved surface having its convex surface 
facing the left is positive, the radius of curvature of a 
curved surface having its concave surface facing the left 
is negative, and the surface spacing is positive in a me 
dium wherein the direction of travel of the light rays is 
positive, and negative in a medium wherein the direc 
tion of travel of the light rays is negative. Also, it is to 
be understood that in a medium wherein the light rays 
travel in the positive direction, the refractive index 
thereof is positive, and in a medium wherein the light 
rays travel in the negative direction, the refractive index 

45 

50 

thereof is negative. 55 
TABLE 2 

Radius of curvature Surface spacing Refractive index 
Sl (object plane) 3260,000 .00 

- 1630,000 - 1.00 60 
r-3260,000 

433.579 1.00 
r2 - 1630,000 

-2046.400 - 1.00 
S2 r3 686.42 

3282.82 00 65 
2732.82. 

3260,000 -- 00 
rs -916.666 
(intermediate 

Magnification: A = 1/5 
Numerical aperture: NA = 0.02 
Image height: 10-20 mm 
Resolving power: 
0.31 in when wavelength is 100A 
0.15 um when wavelength is 50 A 

In the above-described embodiment, the value of the 
Petzval sum PZ2 of the second optical system S2 is 

PZ=0.0000000 

and satisfies the equation (6) above. 
Also, the Petzval sum PZ1 of the first optical system 

S1 and the Petzval sum PZ3 of the third optical system 
S3, if calculated, are 

PZ = -0.0006134 

PZ3= -0.0006134 

and satisfy the condition of the equation (7) above. 
Accordingly, in the present embodiment, the Petzval 

sum of the entire system is completely corrected. 
Also, in the present embodiment, 61 = 1.0, 32=-1/5 

and 33= -1.0, and the correction of distortion aberra 
tion is made possible by the aforedescribed first method, 
i.e., by optimizing the radius of curvature R1 of the first 
reflecting surface. 
The astigmatism, distortion aberration and lateral 

aberration in the above-described embodiment are 
shown in FIGS. 13, 14 and 15, respectively. In FIG. 13, 
dotted line M indicates the image plane by the meridio 
nal light flux, and solid line S indicates the image plane 
by the sagittal light flux. In FIG. 15, there are shown 
the lateral aberrations at the image height Y = 20 mm, 
the image height Y = 15 mm and the image height 
Y= 10 mm. From these aberration graphs, it is seen that 
the reflecting reduction optical system of the present 
embodiment obtains a very good imaging performance. 

In the above-described embodiment, the magnifica 
tion (33 of the third optical system S3 is g3 = -1.0, but 
in order to avoid the contact of the image plane I (in an 
exposure apparatus, the wafer surface) and the mechani 
cal system around if with the concave mirror R5 as the 
fifth reflecting surface, and to avoid the contamination 
of the surface of the concave mirror R5 by the wafer 
surface and the mechanical system around it, it is desir 
able to make the angle of inclination of the principal 
light ray with respect to the optic axis small and approx 
imate the image side to telecentric. For this purpose, it 
is effective to shift the magnification g3 of the third 
optical system C3 by some amount from the value of -1 
to thereby provide a somewhat enlarged system 
R3> 1. 
Also, in the present embodiment, a substantially rect 

angular mask pattern can be bodily exposed and trans 
ferred onto a wafer surface, but this embodiment can 
also be used in a system wherein use is made of only the 
image height in a predetermined range in which aberra 
tions are small and a mask (negative) and a wafer are 
synchronously scanned for exposure. In that case, it is 
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not necessary to make Petzval sun strictly zero as de 
scribed above. 
As described above, according to the present inven 

tion, there can be constructed a reduction projecting 
optical system comprising only reflecting systems and 
therefore, reduction projection exposure in a soft X-ray 
or X-ray area becomes possible. Even where it com 
prises only spherical reflecting mirrors easy to manufac 
ture, this optical system can form a reduced image ex 
cellent in resolving power and is therefore very useful 
as a practical optical apparatus for manufacturing semi 
conductor elements comprising very minute patterns, 
such as super-LSIs. Of course, it becomes possible to 

5 

10 

enhance the degree of freedom of the correction of is 
various aberrations by adopting an aspherical surface as 
at least one reflecting surface in the present invention. 
We claim: 
1. A reflecting imaging optical apparatus comprising: 
a reflecting spherical optical system including a first 

spherical reflecting optical system and a second 
spherical reflecting optical system; 

said first spherical reflecting optical system and said 
second spherical reflecting optical system forming 
concentric optical systems; and 

a spherical reflecting mirror disposed near the posi 
tion of an intermediate image formed by said re 
flecting spherical optical system. 

2. A reflecting imaging optical apparatus according 
to claim 1, wherein said spherical reflecting mirror is a 
concave reflecting mirror, and the radius of curvature 
thereof is a value corresponding to curvature of image 
field in said reflecting spherical optical system. 

3. A reflecting imaging optical apparatus according 
to claim 1, wherein said first and second spherical re 
flecting optical systems form Schwarzschild optical 
systems, respectively. 

4. A reflecting imaging optical apparatus according 
to claim 2, wherein said first spherical reflecting optical 
system forms a reduction system, and said second spher 
ical reflecting optical system forms an enlargement 
system. 

5. A reflecting imaging optical apparatus according 
to claim 2, wherein said first and second spherical re 
flecting optical systems form reduction systems, respec 
tively. 

6. A reflecting imaging optical apparatus according 
to claim 2, wherein said first spherical reflecting optical 
system forms an enlargement system, and said second 
spherical reflecting optical system forms a reduction 
system. 

7. A reflecting imaging optical apparatus according 
to claim 1, wherein said first spherical reflecting optical 
system forms a Schwarzschild optical system, and said 
second spherical reflecting optical system forms a con 
centric system of one-to-one magnification. 

8. A reflection reduction projection optical apparatus 
comprising: 
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a first optical system for forming a virtual image of 

approximately magnification 1 of an object of an 
object plane; 

a second optical system for forming a reduced real 
image from the virtual image formed by said first 
optical system; and 

a third optical system for forming an image of ap 
proximately one-to-one magnification from the real 
image formed by said second optical system; 

said first optical system having a concave reflecting 
surface as a first reflecting surface and a convex 
reflecting surface as a second reflecting surface 
disposed substantially concentrically, and a prede 
termined optic axis; 

the object plane and image plane of said first optical 
system lying in a plane substantially containing the 
center of concentricity and perpendicular to the 
optic axis of said first optical system or a plane 

optically equivalent to said plane; 
said second optical system having a convex reflecting 

surface as a third reflecting surface and a concave 
reflecting surface as a fourth reflecting surface 
disposed substantially concentrically, a fifth re 
flecting surface disposed substantially at the image 
position by said third reflecting surface and said 
fourth reflecting surface, and a predetermined 
optic axis; 

said third optical system having a concave reflecting 
surface as a sixth reflecting surface, and a predeter 
mined optic axis; 

the object plane and image plane of said third optical 
system lying in a plane substantially containing the 
center of curvature of said sixth reflecting surface 
and perpendicular to the optic axis of said third 
optical system or a plane optically equivalent to 
said plane. 

9. A reflection reduction projection optical apparatus 
according to claim 8, wherein said third reflecting sur 
face and said fourth reflecting surface together form, a 
Schwarzschild optical system. 

10. A reflection reduction projection optical appara 
tus according to claim 8, wherein the following equa 
tions are substantially established: 

2 - 2 - 2 = 0 
r r 6 

2 2 2 a ... a- -- a- - 0 r ra -- P5 

where 
r: radius of curvature of said first reflecting surface 
r2: radius of curvature of said second reflecting sur 

face 
r3: radius of curvature of said third reflecting surface 
ra: radius of curvature of said fourth reflecting sur 

face 
rs: radius of curvature of said fifth reflecting surface 
re: radius of curvature of said sixth reflecting surface. 

sk sk s: 


